Background
Evaluation of life-cycle (or well-to-wheels, WTW) energy and emission impacts of vehicle/fuel systems requires energy use (or energy efficiencies) of energy processing or conversion activities. In most such studies, petroleum fuels are included. Thus, determination of energy efficiencies of petroleum refineries becomes a necessary step for life-cycle analyses of vehicle/fuel systems. Petroleum refinery energy efficiencies can then be used to determine the total amount of process energy use for refinery operation. Furthermore, since refineries produce multiple products, allocation of energy use and emissions associated with petroleum refineries to various petroleum products is needed for WTW analysis of individual fuels such as gasoline and diesel.
In particular, GREET, the life-cycle model developed at Argonne National Laboratory with DOE sponsorship, compares energy use and emissions of various transportation fuels including gasoline and diesel. Energy use in petroleum refineries is key components of well-to-pump (WTP) energy use and emissions of gasoline and diesel. In GREET, petroleum refinery overall energy efficiencies are used to determine petroleum product specific energy efficiencies.
Argonne has developed petroleum refining efficiencies from LP simulations of petroleum refineries and EIA survey data of petroleum refineries up to 2006 (see Wang, 2008) . This memo documents Argonne's most recent update of petroleum refining efficiencies.
Update of Petroleum Refinery Energy Efficiencies with EIA Survey Data
Argonne has used new data from the 2009 EIA Annual Refinery Capacity report (EIA, 2009a) and the 2008 EIA Petroleum Supply Annual Report (EIA, 2009b) to update the process fuel use in U.S. refineries and the U.S. petroleum refinery input and output tables. Argonne also obtained updated hydrogen use data from the Chemical Economics Handbook (CEH). It reports that in 2006 U.S. refineries used 1,470.4 billion standard cubic feet (SCF) of captive hydrogen and 497 billion SCF of merchant hydrogen. CEH classifies captive hydrogen as the hydrogen produced by refineries for use in the same refinery, and excludes hydrogen generated as a by-product of other refinery operations (e.g., catalytic reforming or FCC.) Not including the hydrogen generated as a by-product of other refinery operations does not affect the refinery efficiency (the producing fuels are accounted for already), but it does artificially lower the calculated CO 2 emissions. Merchant hydrogen is defined as that supplied by industrial gas companies for "small-volume intermittent uses, requirements in excess of captive production or large quantities on a short-term basis when the usual supply source is down" (CEH, 2007) . Argonne decided to add hydrogen as a separate refinery process fuel instead of converting it to the equivalent NG necessary for its production.
The latest Annual EIA Refinery Capacity Report (EIA, 2009a) has added a new entry for "natural gas used as feedstock for hydrogen production". The reported amount, 188 billion SCF of NG, is much lower than the numbers from the CEH (815 billion SCF of NG). Argonne decided not to use the EIA reported number as it understands that the new entry in the EIA annual survey (Form EIA-820) must include only a subset of refinery produced hydrogen. With the new 2008 data, Argonne has updated the overall petroleum refining overall efficiency to 90.8% vs. 90.1% using 2006 data.
Update of Shares of Process Fuels
Argonne created Table 3 with data from Table 1 for use in GREET modeling. 
Update of Energy Efficiencies for Producing Individual Petroleum Products
Argonne has decided to modify the methodology used for the allocation of energy efficiencies between individual refinery products. A new paper by Bredeson et al. (2010) presents a modified allocation method that utilizes a hydrogen-energy equivalency to better allocate emissions consistently with refinery behavior. The simple energy allocation method fails to properly account for emissions associated with hydrogen production. Hydrogen is generated in a refinery's catalytic reformer in order to boost gasoline's octane rating. This same hydrogen is used in the refinery to hydro-process distillate material into commercial diesel and jet fuel. From this perspective catalytic reforming transfers energy from gasoline to distillate products. The paper's conclusions show that the energy efficiencies of LPG, gasoline, and distillate (diesel and jet) products should be considered equal. Furthermore, the energy efficiency of the heavier cuts (vacuum residue) will depend on the refinery's configuration (residue upgrading capacity) and type of crude being processed (heavy or light).
Argonne conducted an analysis of available residue upgrading units in U.S. refineries using the 2009 EIA Annual Refinery Capacity Report (EIA, 2009a) . Roughly 67% of crude is processed by refineries that include residue upgrading units (mostly delayed coker units, but also a few vis-breakers and others). Residue upgrading units are large energy consumers and produce hydrogen-deficient intermediate products that need to be further upgraded into commercial products, thus using more hydrogen.
Argonne decided to classify refinery products in two categories in order to calculate their energy efficiencies: LPG/gasoline/distillate as one group, and the remaining products (residual oil and naphtha, mostly) as another group. In 2008 the first group accounted for 84.6% of the energy content of all petroleum products from U.S. refineries, while the other group carried the 14.5% remaining. Using Figures 2 and 3 from Bredeson et al. (2010) , Argonne estimated a ratio of 2.6 between the LPG/gasoline/distillate and residual energy intensities, using a weighted average between coker and residual oil #6 cases with the 67%/33% split above.
Assigning an energy efficiency of 89.9% for the LPG/gasoline/distillate group (0.9% lower than the 90.8% overall refining) equals to a relative energy intensity of 1.11 and an energy allocation of 93.5% for this group. This corresponds to a 6.5% energy allocation for the residual group, and thus a relative energy intensity of 0.42 and an energy efficiency of 95.9%.The calculated ratio between the two groups' energy intensities is 2.6, the same as calculated from the Bredeson paper. In Table 4 we present these final product-specific energy efficiencies. 
Energy Efficiencies of Refinery By-Products (LPG, residual oil)
Allocating energy efficiencies to refinery products is a difficult task. Refineries operate to produce transportation fuels (gasoline, jet fuel, diesel, etc.) as best suited to current economic conditions, but they also produce other less commercially important by-products such as LPG and residual oil. The energy efficiency of residual oil (and of other heavier products) can be calculated from data from refineries without residue upgrading capacity, as explained in Bredeson et al. (2010.) The case of LPG (a lighter product) is a bit different, as its production in refineries stays fairly constant only depending on the type of crude being processed and the refinery configuration. Depending on those two factors the actual LPG energy efficiency can be calculated from somewhat higher to somewhat lower from the gasoline/distillate group. Argonne has decided to fix the LPG energy efficiency to that of the gasoline/diesel group of products.
Energy Efficiencies of Refineries Processing Heavy Crudes
Refineries consume more energy when processing heavier crudes. Heavier crudes have a larger vacuum residue fraction that needs to be upgraded in order to maintain a commercially viable product slate. Residue upgrading consumes large amounts of energy (i.e. delayed coker units with high CO 2 emissions) and hydrogen. Residue upgrading units produce hydrogen deficient intermediate products that need to be further hydro-processed into commercial refinery products (gasoline/jet fuel/diesel.) Argonne may eventually consider introducing a dependency on the crude heaviness (API gravity and/or distillation curve points) for future calculations of refinery energy efficiencies.
Oil Sands
Currently Argonne's methodology pushes all the burden of oil sands processing to the upstream recovery steps. In the currently used methodology processing oil sand-derived crudes (syncrudes) does not impact the energy efficiencies of refineries. Argonne will evaluate the existing arguments for separating the extra energy burdens of processing syn-crudes between the oil sands recovery steps and the refinery processing.
Hydrogen
Argonne will work to reconcile the hydrogen consumption numbers coming from the EIA and those from the Chemical Economics Handbook. One possible explanation is that the EIA number only includes hydrogen generation from steam methane reforming (SMR), while the CEH captive production figure would include both the hydrogen amounts from SMR of natural gas but also from other fuels such as naphtha.
